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ABSTRACT
It was recently suggested that, compared to its stellar mass (M∗), the central stellar velocity dis-
persion (σ∗) of a galaxy might be a better indicator for its host dark matter halo mass. Here we test
this hypothesis by estimating the dark matter halo mass for central galaxies in groups as a function of
M∗ and σ∗. For this we have estimated the redshift-space cross-correlation function (CCF) between
the central galaxies at givenM∗ and σ∗ and a reference galaxy sample, from which we determine both
the projected CCF, wp(rp), and the velocity dispersion profile (VDP). A halo mass is then obtained
from the average velocity dispersion within the virial radius. At fixed M∗, we find very weak or no
correlation between halo mass and σ∗. In contrast, strong mass dependence is clearly seen even when
σ∗ is limited to a narrow range. Our results thus firmly demonstrate that the stellar mass of central
galaxies is still a good (if not the best) indicator for dark matter halo mass, better than the stellar
velocity dispersion. The dependence of galaxy clustering on σ∗ at fixed M∗, as recently discovered
by Wake et al. (2012), may be attributed to satellite galaxies, for which the tidal stripping occurring
within halos has stronger effect on stellar mass than on central stellar velocity dispersion.
Subject headings: dark matter - galaxies: halos - large-scale structure - method: statistical
1. INTRODUCTION
The stellar mass of central galaxies in dark matter ha-
los is believed to be strongly correlated with the dark
matter mass of their halos. This relationship has been
extensively studied in recent years using a variety of
observational probes including galaxy clustering, satel-
lite kinematics, gravitational lensing and group/cluster
catalogs. It has also formed the basis for most (if not
all) of the current physical/statistical models that aim
at populating dark matter halos with galaxies, such as
semi-analytic models (SAMs), halo occupation distri-
bution (HOD) models and subhalo abundance match-
ing models (SHAMs). These studies have well estab-
lished that the stellar mass–halo mass relation for cen-
tral galaxies can be described by a double power-law
form with a relatively small scatter of ∼ 0.16 dex
(e.g. van den Bosch et al. 2004; Wang et al. 2006, 2007;
Yang et al. 2007; More et al. 2009; Yang et al. 2009;
Behroozi et al. 2010; Moster et al. 2010; More et al.
2011; Guo et al. 2010; Li et al. 2012; Yang et al. 2012).
Using data from the Sloan Digital Sky Survey (SDSS;
York et al. 2000), Wake et al. (2012) recently showed
that, when compared to stellar mass (M∗), the central
stellar velocity dispersion (σ∗) of galaxies is more closely
related to their clustering properties. This led the au-
thors to suggest that σ∗ might be better than M∗ when
indicating the properties of dark matter halos that deter-
mine clustering, such as halo mass or assembly history.
On the other hand, as the authors pointed out, their find-
ing cannot rule out the possibility that the correlation of
dark matter halos with M∗ is still tighter than that with
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σ∗. It is known that satellite galaxies may well deviate
from the stellar mass–halo mass relation of central galax-
ies, due to the stripping of their outer regions by tidal
interactions with their host halos, which has stronger ef-
fect on M∗ than on σ∗.
This motivates our work, in which we attempt to dis-
criminate between these possibilities by directly measur-
ing the dark matter halo mass for central galaxies of
different stellar masses and stellar velocity dispersions.
For this we first estimate the cross-correlation function
(CCF) in redshift space between a reference sample of
galaxies and the central galaxies of groups with given
M∗ and σ∗. We then estimate the velocity dispersion
profile of satellite galaxies around the central galaxies
by modelling the redshift distortion in the CCF, from
which we determine an average mass for the dark matter
halos in which the central galaxies reside. In a recent
paper (Li et al. 2012, hereafter Paper I), we have shown
that for central galaxies with different luminosities and
masses, the dark matter halo masses measured in this
way are in good agreement with the results obtained
by Mandelbaum et al. (2006) from weak lensing analy-
sis of the SDSS data. When compared to the galaxy-
galaxy cross-correlations probed in Wake et al. (2012),
the cross-correlation between galaxies and group central
galaxies enables us to directly probe the central galaxy
– halo mass relation, thus avoiding the effect of satellite
galaxies. In addition, the velocity dispersion of satellite
galaxies is caused by the local gravitational field, thus is
a more direct measure of dark matter halo mass than the
clustering amplitude adopted in Wake et al. (2012).
Throughout we assume a Λ cold dark matter cosmol-
ogy model with Ωm = 0.27, ΩΛ = 0.73 and h = 0.7.
2. DATA AND METHODOLOGY
We apply our analysis to the SDSS galaxy group cata-
log of Yang et al. (2007). This is a catalog of local galaxy
groups with 0.01 < z < 0.2, and is constructed from
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Fig. 1.— Distribution of the central galaxies in the SDSS DR7
galaxy group catalog in the plane of stellar mass (M∗) and stellar
velocity dispersion (σ∗). The samples used in this work are indi-
cated by the boxes, with the average M∗ and σ∗ being marked by
a cross in each box. The estimated halo mass for each sample is
indicated by the size of the red circles which is scaled by the halo
mass.
sample dr72 of the New York University Value-Added
Galaxy Catalog (NYU-VAGC; Blanton et al. 2005) us-
ing a halo-based group finding algorithm developed in
Yang et al. (2005). The stellar mass of each galaxy,
M∗, accompanies the NYU-VAGC release, which is esti-
mated by Blanton & Roweis (2007) from the SDSS red-
shift and photometric data, assuming a universal stellar
initial mass function of Chabrier (2003). We use the “to-
tal masses” instead of the “Petrosian masses”, obtained
by correcting the latter using SDSS “model magnitudes”
(see Li & White 2009 and Guo et al. 2010 for details).
The central stellar velocity dispersion (σ∗) is available
for each galaxy from the SDSS spectroscopy, measured
within the 3′′ diameter fiber. We have corrected σ∗ to
an aperture of one eighth of the galaxy effective radius
following Cappellari et al. (2006) andWake et al. (2012).
As in Paper I, we define the most massive galaxy
in each group as its central galaxy. It has been sug-
gested that brightest cluster galaxies (BCGs), or the
most massive galaxies adopted here, may be not exactly
located at their halo center. However, a recent study
by von der Linden et al. (2012) showed that such offsets
are small in general; the average offset between X-ray
centroids and BCGs are ∼ 20 kpc. We use all the cen-
tral galaxies of which the host groups have three or more
member galaxies. This leads to a number of ∼ 16, 000
central galaxies. We divide the central galaxies into 14
samples according to their stellar mass and central ve-
locity dispersion. In Figure 1 we plot the distribution of
all the central galaxies in our samples in the plane of M∗
and σ∗. The regions of the different samples are indi-
cated by the boxes, while the average mass and velocity
dispersion of each sample are marked with a cross. This
selection scheme gives us at least two σ∗ (M∗) samples
at a given M∗ (σ∗), enabling us to study the dependence
of clustering and halo mass on one of the two parameters
while fixing the other. Our samples cover similarM∗ and
σ∗ ranges as those considered in Wake et al. (2012).
For each of the 14 central galaxy samples, we be-
gin by estimating the redshift-space cross-correlation
function (CCF), ξ(s)(rp, pi), with respect to a reference
galaxy sample selected from the NYU-VAGC sample
dr72. The reference sample consists of about half a mil-
lion galaxies with r-band apparent magnitudes r < 17.6
and absolute magnitudes −24 < M0.1r < −16, and red-
shifts in the range 0.01 < z < 0.2. Details of the sample
selection can be found in Paper I. We then obtain the
projected CCF, wp(rp), by integrating ξ
(s)(rp, pi) over
the line of sight separation pi. Next, we model the real-
space CCF ξcg(r) with a combination of an Navarro et al.
(1997) profile and a biased linear autocorrelation of dark
matter, and we determine an accurate description of
ξcg(r) by fitting the Abel transform of the model to the
observed wp(rp). The one-dimensional velocity disper-
sion profile (VDP) of galaxies around the central galaxies
in each sample is then estimated by comparing ξ(s)(rp, pi)
with ξcg(r), through modeling the redshift distortion in
ξ(s)(rp, pi). Finally, we use N -body cosmological sim-
ulations to calibrate the relationship between the so-
obtained velocity dispersion (VD) and the dark matter
halo mass, with which we determine a halo mass for each
of our central galaxy sample. Details of our methodology,
as well as the reference sample and simulations used for
the computation and calibration can be found in Paper I.
In this work we estimate errors on all the measurements
using the bootstrap resampling technique (Barrow et al.
1984).
3. RESULTS
In Figure 2, we show the projected CCFs determined
in the way described above for some of our samples. We
plot the results for samples of different σ∗ but fixed M∗
in the upper panels, and the results for samples of dif-
ferent M∗ but fixed σ∗ in the lower panels. At fixed
stellar mass, the projected CCF shows no or very weak
dependence on σ∗, and this is true for all the masses
considered (10.3 < lg(M∗/M⊙) < 11.8) and at all scales
probed (∼15 kpc< rp < ∼30 Mpc). In contrast, the
projected CCF at fixed σ∗ shows significant and system-
atic trends with mass, in both amplitude and slope, and
this is true for all the σ∗ bins. The CCF amplitude in-
creases with increasing mass at all scales above ∼ 100
kpc. This reflects the tight correlation between the stel-
lar mass of the central galaxies and their dark matter
halo mass, which clearly holds even when the central stel-
lar velocity dispersion of the galaxies is limited to a nar-
row range. Moreover, the one-halo term below ∼ 1 Mpc
shows steeper slopes at lower masses and flatter slopes
at higher masses, implying more centrally concentrated
distribution of satellite galaxies in less-massive halos (see
Paper I for detailed discussion).
In Figure 3, we show the velocity dispersion profile
(VDP) of satellite galaxies around our central galaxies,
σv, measured as a function of the projected separation
rp for different M∗ and σ∗ samples. Similarly, we see
significant mass dependence at fixed σ∗, but very weak
or no dependence of the VDP on σ∗ at a given mass.
We would like to point out two interesting trends that
can be read from the lower panels of the figure. First,
at scales smaller than ∼ 1 Mpc, the velocity dispersion
increases with increasing central galaxy mass, with more
Linking galaxies to halos with stellar mass or with stellar velocity dispersion? 3
Fig. 2.— The projected cross-correlation function between the
central galaxies of groups and the reference galaxies, for central
galaxies of different stellar masses (M∗) and stellar velocity dis-
persions (σ∗), as indicated in each panel. Results from the SDSS
DR7 galaxy group catalog are plotted in colorful symbols with er-
ror bars, and the solid lines are best-fit models (see the text for
details).
remarkable effect at higher masses. The velocity disper-
sion of galaxies in a group or cluster is caused by the
local gravitational field and so, when compared to the
large-scale amplitude of CCFs, it provides a more direct
and reliable measure of the mass of the host dark mat-
ter halo. Thus, the dependence of the small-scale σv on
M∗ at fixed σ∗ shows again that the stellar mass of cen-
tral galaxies is more tightly correlated with halo mass
than their central stellar velocity dispersion is. Second,
at lower masses (. 1011M⊙), a mass-dependent shift is
seen in the transition scale where the velocity dispersion
starts to deviate from a flat slope and increase to form a
bump at around 1 Mpc. As shown in Paper I (see their
fig.4), the transition occurs at around the virial radius
of the host dark matter halo. Therefore, the fact that
the transition is seen at larger scales for higher stellar
masses at fixed σ∗ reflects the tight correlation between
the central galaxy mass and the virial radius of its host
dark matter halo, and thus the halo mass.
We have estimated a halo mass for each central galaxy
sample based on a relation between the velocity disper-
sion measured in our methodology and the dark matter
halo mass, as described in § 2. This relation was cali-
brated in Paper I with the help of a set of high-resolution
N -body simulations with the concordance Λ cold dark
matter cosmology. In Figure 4, we plot the halo mass
estimated in this way as functions of both stellar mass
(left panel) and central stellar velocity dispersion (right
panel). Results for the samples of different M∗ and σ∗
are plotted in colorful symbols, with the size of the sym-
bols being scaled by the halo mass. For comparison, we
have performed the same analysis for a set of M∗ inter-
vals without further dividing the galaxies in each inter-
val into subsamples of σ∗, as well as a set of σ∗ intervals
without further dividing the galaxies into subsamples of
M∗. This gives an average relation between halo mass
and M∗, and between halo mass and σ∗. The results are
plotted as solid triangles connected with solid lines in the
figure.
Fig. 3.— Velocity dispersion profile measured for the SDSS DR7
galaxy groups with central galaxies of different stellar masses (M∗)
and stellar velocity dispersion (σ∗), as indicated in each panel.
The figure reveals two facts: a) that both M∗ and σ∗
are correlated with halo mass, and b) that the correla-
tion between M∗ and halo mass is much tighter than the
correlation between σ∗ and halo mass. The rms scatter
of the different σ∗ samples around the average relation
between halo mass and M∗ is 15.2% or 0.06 dex, com-
pared to 73.2% or 0.24 dex for the different M∗ samples
around the average relation between halo mass and σ∗.
We finish this section by highlighting the stronger de-
pendence of halo mass on M∗ than on σ∗ in Figure 1,
where we indicate the halo mass of each sample by the
size of a red circle.
4. SUMMARY AND DISCUSSION
Using data from the SDSS DR7, we have derived the
velocity dispersion profiles for galaxy groups with cen-
tral galaxies of different stellar masses (M∗) and stellar
velocity dispersions (σ∗). From these we have obtained
estimates of the dark matter halo mass for the central
galaxies, and investigated the correlation of halo mass
for central galaxies with M∗ and σ∗. At fixed M∗, we
find very weak or no correlation between halo mass and
σ∗. In contrast, strong mass dependence is clearly seen
even when σ∗ is limited to a narrow range.
Wake et al. (2012) recently investigated the cross-
correlation functions between galaxies of given M∗ and
σ∗ and the parent sample, finding σ∗ to be more closely
related than M∗ to the large-scale amplitude of the cor-
relation functions. The authors suggested three possible
explanations: 1) that halo mass for central galaxies is
more closely related to σ∗ than to M∗, 2) that halo age
(or concentration) for central galaxies is more closely re-
lated to σ∗ than to M∗, and 3) that halo properties are
still more tightly related toM∗ than to σ∗ and the depen-
dence of clustering on σ∗ at fixed M∗ are attributed to
the contribution of satellite galaxies which deviate from
the stellar mass–halo mass relation of centrals.
Our measurements of cross-correlation functions be-
tween galaxies and central galaxies and velocity disper-
sion profiles, as well as the inferred halo masses, are all
consistent with the third possibility being the correct,
or the most compelling explanation. As discussed in
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Fig. 4.— Dark matter halo mass as function of galaxy stellar mass (M∗, left-hand panel) and stellar velocity dispersion (σ∗, right-hand
panel), measured for the central galaxies of groups in the SDSS DR7. The colorful symbols are for the samples selected on the M∗ versus
σ∗ plane as shown in Figure 1. The solid triangles connected with the line in each panel is for samples selected only by M∗ (left panel) or
σ∗ (right panel).
Wake et al. (2012), tidal stripping may reduce the size
and mass of a satellite galaxy as it orbits in its parent
halo. This process has stronger effect on stellar mass
than on central stellar velocity dispersion, and is stronger
in more massive halos. Therefore, at fixed stellar mass,
galaxies of higher σ∗ are more likely the satellites in
higher mass halos, thus clustering more strongly than
those of lower σ∗. At fixed σ∗, galaxies of higher M∗ are
more likely the satellites in lower mass halos, thus lower-
ing down the clustering amplitude and canceling out the
mass dependence to some extent.
As can be seen from the right-hand panel of Figure 4,
the stellar velocity dispersion of central galaxies is in-
deed correlated with halo mass, as expected, but with
much larger scatter when compared to stellar mass. It
is clear that the mass of dark matter halos is correlated
more tightly with the stellar mass (M∗) of their central
galaxy, than with the central stellar velocity dispersion
(σ∗) of the galaxy. Once the stellar mass is fixed, the
central velocity dispersion shows little correlation with
halo mass. Our results thus firmly rule out the other two
possibilities proposed by Wake et al. (2012).
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